In this study we attempt to assess the possibility of detection of variable sources using the data of the 7.6-cm wavelength surveys carried out on the RATAN-600 radio telescope in the period from 1980 through 1994. Objects selected according to certain criteria from the RCR catalog are used to construct the calibration curves and to estimate the accuracy of the resulting calibration curves and determine the r.m.s. errors for the measured source flux densities. To check the calibration sources for the presence of variable objects, quantitative estimates are performed for a number of parameters that characterize variability, in particular, for the long-term variability index V and the χ 2 (chi-square) probability p. The long-term variability index was found to be positive for 14 out of approximately 80 calibration sources, possibly indicating that these sources are variable. The most likely candidate variables are the three sources with the χ 2 probability p > 0.95. Five sources have χ 2 probabilities in the 0.85 < p < 0.95 interval, and the remaining six in the 0.6 < p < 0.8 interval.
INTRODUCTION
The problem of searching for variability of cosmic objects was already formulated during the preparation phase of the first deep search surveys on the RATAN-600 radio telescope, namely the "Cold" [1] and Zelenchuk surveys [2] . The samples of radio sources obtained as a result of the Zelenchuk survey at 3.9 and 7.5 GHz [3] [4] [5] formed the basis for the first studies of variable sources on RATAN-600. The results of the analysis of their statistical properties can be found in [6] .
Starting from 1998, long-term sets of multifrequency observations have been carried out on the Northern sector of the radio telescope to study variable objects. The duration of continuous daily observations of the same sources ranged from one to three months. These studies targeted mostly discrete bright radio sources with flat spectra. Such sources exhibit variations on time scales ranging from tens of minutes to several decades. The results of these long-term studies were reported in many publications by the researchers from the Sternberg Astronomical Institute, the Special Astrophysical Observatory of the Russian Academy of Sciences, and the Astro Space Center of the Lebedev Physical Institute of the Russian Academy of Sciences, e.g. [7] [8] [9] [10] [11] [12] [13] .
In this paper we analyze the possibility of discovery of variable radio sources based on the data of the deep surveys carried out on the Northern sector of the RATAN-600 radio telescope from 1980 through 1999.
To this end, we use a sample of calibration sources selected by certain criteria to construct the calibration curves and perform detailed estimates of the flux density measurement errors.
We use several criteria, including statistical ones, for quantitative estimates of the possible variability of the objects studied, and construct light curves for suspected variable sources and a number of "non-variable" objects.
DEEP SURVEYS ON RATAN-600
In 1980 the first 3.94 GHz deep blind survey was performed on the Northern sector of RATAN-600 within the framework of the "Cold" experiment [1, 14] at the declination of the SS 433
source. Practically at the same time the multifrequency Zelenchuk survey [3, 4] was carried out with a flat reflector on the Southern sector.
Starting from 1998 the multiwavelength (λ = 1-55 cm) RZF zenith survey [15, 16] A radio-source catalog (the RC catalog) with a detection threshold of 10 mJy [17, 18] was produced based on the data of the "Cold" survey.
To refine the flux densities and coordinates of the RC catalog sources, several more observing runs were carried out on the Northern sector of the radio telescope at the same frequency and at the same declination (Dec 1980 = 4 • 57 ′ ).
The results of the reduction of these observations were reported in [16, 19, 20] 1 . Soboleva et al. [21] reported the results obtained using newly reduced records of the "Cold-80" experiment in the interval of right ascensions 7 h ≤ RA < 17 h .
The list of objects found in this strip and identified with the objects of the NVSS catalog [24] can be found in the RCR (RATAN Cold Refined)
catalog. 2 The reduction of the data of these surveys revealed that the flux densities of a number of objects vary from one observing run to another.
The authors of the above studies averaged the flux densities over all the observing runs, since identifying variable radio sources was not among their tasks. These averaged flux densities and their errors are reported in the RCR catalog [21] .
In this paper we try to analyze whether it is possible to discover variable radio sources in the search surveys.
To solve this problem, we use the data of the 7.6-cm surveys carried out in 1980, 1988, 1993 , Here we do not analyze the data of the 1990, 1991, and 1999 surveys carried out at the same wavelength and declination because of their lower sensitivity. We will return to these surveys later.
The use of surveys to study the variability of radio sources has a certain advantage due to the fact that in the process of the survey the antenna is focused onto a certain elevation H (declination Dec 0 of the central survey section) and its configuration remains practically unchanged during the observations. This reduces the errors due to the repositioning of the antenna, which is especially important for the determination of flux densities of faint sources. Studies of variable sources carried out in the mode described by Gorshkov et al. [13] involve repeated repositioning of the antenna to different areas of the sky.
Another advantage of search surveys is that due to the specificity of the power beam pat- 3 In 1994 the antenna was set not only to the declination of the SS 433 source, but also to 4 ′ above (H = 51
• 09 ′ ) this declination.
tern (PBP) of RATAN-600 its field simultaneously covers many sources in a single run of the sky strip. 4 The number of sources crossing the PBP that can be identified in records increases with the sensitivity of the telescope and integration time.
Integration time is determined by the number of repeated transits of the given sky strip (i.e., the number of scans).
The number of transits of the observed sky strip in the surveys considered varied from 20 to 35 depending on the survey and hour of observation. In the programs described by Gorshkov et al. [13] each source was observed three to six times.
Thus repeated scanning of the same sky strip in the surveys not only increases the number of objects, but also makes it possible to study fainter sources compared to the mode described by Gorshkov et al. [13] .
Note that the data of the considered surveys can be used to study the long-term variability of radio sources on time scales of several years, which is known to be due to the nonstationary processes in active galactic nuclei. 4 More than 30 000 radio sources cross the PBP of RATAN-600 through the area within the sheet envelope in a single crossing of the sky at λ 7.6 cm [24] . 
SELECTION OF CALIBRATION

SOURCES
The principal aim of this work is to derive the calibration curves that can be used to compute the source flux densities and to estimate the flux density errors.
To derive these calibration curves, we selected RCR radio sources with steep and well-studied spectra with available flux density data at several frequencies. We selected sufficiently bright objects with minimal scatter of data points in their spectra.
Radio sources with steep spectra seldom exhibit variations at frequencies greater than 1 GHz. However, such variability is observed in objects where a compact component is found, which is responsible for flux density varia-tions [22, 23] for the entire sample of calibration sources is
Most of the calibration sources appear double on the FIRST radio maps, and a minor fraction of them are point sources, identified both with galaxies and quasars. Figure 2 shows the histograms of the number of frequencies for which the data on the flux densities in the spectra of radio sources are available. surveys [27] . It is evident from the histograms that the NED data for the selected calibration sources are available at four or more frequencies, and with other catalogs taken into account, the data coverage increases to include five to nine frequencies for the overwhelming majority of the sources.
CONSTRUCTION OF THE CALIBRATING CURVES AND ESTIMATION OF THE SOURCE FLUX DENSITY ERRORS
Let us recall some of the features of the observations on the RATAN-600 radio telescope whose PBP differs significantly from that of a parabolic dish [28] [29] [30] [31] [32] . In the mode of single-sector observations the PBP broadens with increasing angu- We repeated the reduction of the selected sources. Our initial data consisted of the averaged records of several-day long observations that have already been subjected to primary reduction [16] . After background subtraction 6 the sources were identified on the averaged scans using the Gaussian analysis. We performed the entire procedure using the standard software for the reduction of radio astronomical observations [33] .
The temporal calibration was based on the strong sources, with the use of the data from the NVSS catalog. For each source identified in the record we determined its antenna temperature and Bursov [34] , allowed us to control the reliability of the extraction of these objects.
We then constructed for each survey the dependences of F 3.94 i /T a i on dH. Here We computed the pattern factor k PBP (dH) for each survey using the algorithms described by
Majorova [31] . Unlike Soboleva et al. [21] and Majorova [35] , in this paper we compute the pattern factor For each survey we chose the A factor 7 that minimized the standard error RM S k of the scatter of experimental data points F 3.94 i /T a i relative to the computed calibrating curve A/k PBP (dH).
RM S
where N is the number of sources used to construct the calibrating curve for the survey considered.
In this study we somewhat deviated from the technique used by Bursov [19] , Soboleva et al. [21] , and Majorova and Bursov [34] . In those papers the calibrating curves are the curves fitted to the experimental F 3.94 i /T a i data points using the least squares method.
Majorova [35] showed that the experimen-
A/F 3.94 i /T a i of the radio telescope based on the data of the 1980-1999 surveys agree well with the computed PBPs. We therefore used the A/k PBP ratio as the calibration curve. We computed the k PBP factor taking into account the observing conditions and chose the A factor that would minimize the RM S k . We found that in this case the RM S k error averaged over the entire range of dH is smaller than the error of the scatter of experimental data points relative to the leastsquares fitted curve (a second-or fourth-order polynomial). 7 The A factor is equal to the A = 2k/S eff ratio, where k is the Boltzmann constant and S eff is the effective area of the radio telescope.
A comparison of the calibrating curves derived in this study for the 1988 survey and those
by Bursov [19] shows that they practically coincide in the −10 ′ < dH < 10 ′ interval. The curves diverge at greater absolute values of dH and at dH ∼ 20 ′ the F 3.94 i /T a i ratios of Bursov [19] exceed our estimates by a factor of 1.4.
This may be due both to the set of calibration sources and to the adopted reduction technique, in particular, the background computation and its subtraction. The latter factor is es- There was yet another reason why we used the computed A/k PBP (dH) dependences instead of the approximating curves: it was done to avoid the influence of variable sources, which may happen to be among the calibration sources. [35] , which can be explained by the allowance for additional off-focus offsets of the horn in the computation of the pattern factor k PBP (dH).
We estimated the relative standard errors of the F 3.94 i /T a i ratio and its confidence intervals also increase with increasing of the angle dH absolute value (Fig. 4c) . Table 2 lists the averaged relative standard errors of the F 3.94 i /T a i ratio. We averaged these standard errors over the dH intervals indicated in the first column of the table.
A comparison of the data listed in Tables 1   and 2 shows that the errors of the scatter of experimental F 3.94 i /T a i data points relative to Our analysis of the dependences shown in Fig. 3 and the data listed in Table 1 
It is evident from these plots that the deviations of the experimental data points from the We computed the coefficients using the following formulas:
where F i and F j are the flux densities of a given source measured in cycle i and j surveys, respectively, and σ i and σ j are the absolute standard errors of the inferred flux densities (i, j = 80, 88, 93, 94).
The latter two criteria take into account the flux density errors, and they can therefore be considered to be more reliable for testing sources for variability.
We computed the flux densities using the following formula:
Here we used the antenna temperatures of the sources T a determined from the averaged records of the i-th year survey and the corresponding computed A/k PBP (dH) curves.
We computed the absolute (σ i ) and relative (RM S i ) standard errors of the determination of the source flux density in the i-th survey using the following formulas:
We computed the V R , V F , and V coefficients for all the calibration sources whose flux densities are determined in at least three surveys. In our computations we used the standard errors RM S k listed in Table 1 . We suspected a source to be variable if it had a positive long-term variability index (V > 0). For such sources the flux density difference determined in different surveys differed by more than the sum of standard errors in these surveys.
In the entire sample of calibration sources, 14 objects had a positive V index for at least one pair of surveys. Table 3 lists the coefficients V , V R , and V F for these objects (columns 2, 3, and 4), their average flux densities F (column 5), and the standard deviations σ set from the mean value (column 6).
where n is the number of surveys in which the source flux densities have been determined.
The same table also lists the dH angles where the source flux densities reach their maximum (dH 1 ) and minimum (dH 2 ) values in the surveys considered (columns 6 and 7). Let us recall that due to precession, the source declinations and dH varied from one survey to another. The last col- umn of Table 3 lists the spectral indices of these objects at 3.94 GHz. Figure 6 shows the dependences of the variability index V on angle dH (a) and the dependences V R (dH) (b) and V F (dH) (c) for the sources from Table 3 . We discuss the V χ (dH) dependence shown in Fig. 6d in Section 6. As is evident from these plots, the radio sources are distributed rather uniformly relative to the central section of the survey. They are also uniformly distributed over the observing hours (or in right ascension).
Ten sources with positive long-term variability indices have the coefficients V R > 1.5, and four sources have the V R coefficients in the 1.3 < V R < 1.5 interval. For all the objects listed in Table 3 , V F 1.5. (Tables 3 and 4) .
and 1994 surveys (Fig. 5) . As a result, the V indices became negative for three out of 14 sources. These objects J 121852+051449, J 134243+050431, and J 140730+044934 prove to be the least likely variable source candidates.
Let us now return to the accuracy of flux density determination for the calibration sources and compare the relative standard errors RM S set , RM S sp , and RM S F for two subsamples. One of these subsamples includes 14 suspected variable sources (Table 3) , and the other one includes the "non-variable" sources with V < 0.
Here RM S set is the relative standard deviation from the mean flux density F , RM S sp is the relative standard error of the scatter of data points in the spectrum of the source or the error of determination of its flux density from the approximating curve fitted to its spectrum, and RM S F is the standard error of the flux density averaged over all surveys.
Here RM S i is the relative standard error of the flux density of the source in the i-th survey, computed using formula (5). 
ANALYSIS OF STATISTICAL PROPERTIES OF SUSPECTED VARIABLE SOURCES
Let us now use statistical techniques to estimate the variability of the sources listed in Table 3 , although, unfortunately, the number of data points is rather small for such an analysis.
To confirm the variability of the objects with positive V , we performed computations similar to those made by Gorshkov and Konnikova [6] , Kesteven et al. [39] , Fanti et al. [40] , and Seielstad et al. [38] .
We computed for each of the n surveys the variability amplitude ∆F and the parameter V χ , as well as the weighted average source flux density F , the weighted average standard error σ , and the χ 2 constant for df = n−1 degrees of freedom. We computed these quantities using the following formulas [38] : Table 4 summarizes the results of the computations of these parameters. Column 2 gives the parameter V χ , which characterizes the relative variation amplitude, and column 3 gives the probability p of variability according to the A comparison of the data listed in Tables 3   and 4 shows that the weighted average source flux densities F computed using formula (11) practically coincide with the mean values F (formula (8) Let us now see which objects among those listed in Tables 3 and 4 can be considered variable. Kesteven et al. [39] and Fanti et al. [40] considered a source to be possibly variable if its χ 2 probability satisfied the condition of 0.1% ≤ 1 − p ≤ 1% and reliably variable if
None of the 14 sources listed in Tables 3 and 4 meet these conditions. In other words, according to the criteria of Kesteven et al. [39] and Fanti et al. [40] , our sample of calibration sources contains neither variable nor likely variable objects.
Seielstad et al. [38] considered an object to be variable if p ≥ 0.985, whereas Gorshkov and Konnikova [6] (F = 79 mJy), but passes close to the central section of the survey (dH = 3.5 ′ ).
Wang et al. [37] used the coefficient V F as a criterion of variability. They set its threshold value at V F = 3 and considered sources reaching this level to be variable. In other words, they considered the sources whose flux density difference ∆F in different surveys exceeds 3σ to be variable, where σ = σ 2 i + σ 2 j (formula (2)). Of the 14 suspected variable sources in our sample only J 103938+051031 meets this condition. Another seven sources meet the condition ∆F > 2σ.
Let us now consider the parameter V χ as a variability criterion. An analysis of the data reported by Seielstad et al. [38] shows that the pa- To sum up, we can conclude that all the sources listed in Tables 3 and 4 Thus only three out of about 80 selected calibration sources can be considered to be variable with a probability of p > 0.95, and seven more sources can be considered to be possibly variable.
Note that eight of the 14 objects listed in Table  3 object is a double source with a nucleus, which, like J 112437+045618, is a part of the SS sample of the RC catalog; it was identified with a galaxy (Z ph =0.76).
The J 132448+045758 object is a double source identified with a starlike object, probably a quasar.
The J 135137+043542 (MRC J 1349+048) object is a point source, which was studied by Gorshkov and Konnikova [6] . It is identified in the SDSS with a faint galaxy. We consider it to be a variable radio source.
The J 142104+050845 object is a point source We consider it to be a variable radio source.
We selected the next four sources as candidate variable objects, but they failed to meet the adopted variability criteria and, according to the available data, we cannot classify them as variable.
The J 104551+045553 (PMN J 1045+0455) object is a likely double source identified with a galaxy in the SDSS survey. Table  3  show  optical We estimated the χ 2 variability probabilities p and the parameter V χ that characterizes the relative amplitude of variability for these 14 sources.
We found three objects to be the most likely exceed 10%.
The calibrating curves and estimates of the relative standard errors of the inferred flux densities obtained in this study will make it possible to search for variable sources among a bigger sample of objects observed in different surveys,
as we plan to do in our forthcoming papers. 
